Background-Factors that regulate the metabolism of HDL and apolipoprotein A-I (apoA-I) are incompletely understood.
P lasma concentrations of HDL cholesterol (HDL-C) and its major protein apolipoprotein A-I (apoA-I) are inversely correlated with risk of atherosclerotic cardiovascular disease. 1 HDL-C levels vary Ͼ10-fold within the human population, and at least 50% of this variation is genetically determined. 2 However, the genetic and metabolic factors that regulate HDL metabolism remain incompletely understood. Hepatic lipase (HL) has been recognized as one factor that influences HDL metabolism. In humans, high plasma HL activity is associated with reduced HDL-C levels and smaller HDL particles, 3 and genetic HL deficiency is associated with modestly elevated HDL-C levels and larger HDL particles. 4, 5 A common single nucleotide polymorphism in the HL promoter has been associated with lower levels of HL activity and increased levels of HDL-C, especially HDL 2 . 6 -8 Overexpression of HL in transgenic mice, 9 -11 transgenic rabbits, 12 and mice after adenoviral-mediated gene transfer [13] [14] [15] resulted in reduced levels of HDL-C. Relatively little data are available regarding the effects of HL overexpression on the turnover of HDL. One study using gene transfer of HL in HL-deficient mice demonstrated increased fractional catabolic rates of HDL-cholesteryl ester and apoA-I. 16 HL has both triglyceride lipase and phospholipase activity, although it is conventionally measured based on its triglyceride lipase activity. Some data suggest that triglyceride-rich HDLs are particularly good substrates for HL, 17 emphasizing the importance of the ability of HL to hydrolyze HDL triglycerides.
Endothelial lipase (EL) is a more recently discovered member of the same gene family as HL. 18, 19 In contrast to HL, EL has relatively less triglyceride lipase activity and substantially more phospholipase activity and can hydrolyze HDL phospholipids ex vivo. 20 Recent publications highlighted the physiological role of EL in HDL metabolism. Hepatic overexpression of EL in mice using adenoviral gene transfer markedly reduced HDL-C and apoA-I levels. 18 Transgenic overexpression of EL under the control of the endogenous promoter resulted in modestly reduced HDL levels. 21 Antibody inhibition studies in wild-type, apoA-I transgenic, and HL knockout mice demonstrated that inhibition of mouse EL results in significantly increased HDL-C and apoA-I levels. 22 In the EL knockout mouse model, HDL-C levels were significantly increased. 21, 23 These loss-of-function experi-ments indicate that EL regulates HDL metabolism and increases the importance of understanding the underlying mechanism.
We hypothesized that EL hydrolyzes HDL phospholipids in vivo, thus generating smaller phospholipid-depleted HDL particles that are more rapidly catabolized. We used gene transfer of EL in mice to test this hypothesis in a dose-dependent fashion. After administration of different doses of EL-expressing vector, plasma phospholipase activity, plasma lipids, HDL size and composition, and HDL turnover were studied. We found that overexpression of EL has a profound dose-dependent effect on HDL metabolism that is highly correlated with its ability to generate phospholipase activity in vivo.
Methods

Animals
C57BL/6 and apoA-I transgenic mice were obtained from Jackson Laboratory (Bar Harbor, Me) and kept on a chow diet. Mice were handled according to the guidelines of the University of Pennsylvania Institutional Animal Care and Use Committee.
In Vivo HDL Metabolic Studies
A recombinant adenoviral vector encoding human EL (AdhEL) was constructed as previously described. 18 Mouse HDL (1.063ϽdϽ1.25) was isolated from 200 L of pooled wild-type mouse plasma. Human HDL 3 was isolated from human donors by sequential ultracentrifugation (1.125ϽdϽ1.21). Human HDL 3 was passed 2 times over a heparin-Sepharose column for removal of apoE and extensively dialyzed. Dialyzed mouse HDL and human HDL 3 were labeled with 125 I by the iodine monochloride method as described. 24 Wild-type mice (nϭ4 per group) were injected with the following doses of AdhEL: 1ϫ10 11 , 3ϫ10 10 , 1ϫ10 10 , and 0 particles. The total dose of recombinant adenovirus was adjusted to 1ϫ10 11 particles by the addition of control adenovirus without a transgene (Adnull). Postheparin plasma (100 U heparin per kg) was obtained on day 5 after injection. On day 13 after adenovirus injection, an HDL turnover study was performed using mouse [ 125 I]HDL. Blood samples were drawn at 5 minutes, 30 minutes, 1 hour, 3 hours, 5 hours, 8 hours, 12 hours, 24 hours, and 48 hours. Plasma decay curves were generated for individual mice as previously described. 24 The fractional catabolic rates (FCRs) were determined by fitting the data to a biexponential equation using the SAAM II program. 25 In another independent experiment, wild-type mice (nϭ5 per group) were injected with 1ϫ10 11 particles of AdhEL or Adnull; in addition, to control for pool size, apoA-I-deficient mice were also injected with Adnull at the same time. On day 13 after injection, 5 Ci of human [ 125 I]HDL 3 was injected via the tail vein of fasted mice and blood samples were obtained as described above.
Tyramine-Cellobiose Labeling of HDL and Metabolic Studies
The labeling of HDL protein with tyramine-cellobiose was carried out as previously described. 24 Wild-type mice were injected with 1ϫ10 11 particles of AdhEL or Adnull; on day 13 after adenovirus injection, 4 Ci of human [ 125 I]tyramine-cellobiose-HDL was injected into mice. Plasma decay curves and the uptake of radioactivity into liver, spleen, kidney, and adrenals were determined as previously described. 24 
Western Blot Analysis for EL Expression
Postheparin plasma subjected to heparin-Sepharose treatment was electrophoresed under denaturing and reducing conditions on a 15% SDS-PAGE and transferred to nitrocellulose membrane (Hybond ECL, Amersham). The detection was carried out using a rabbit anti-peptide serum as primary antibody and a HRP-conjugated goat anti-rabbit IgG as secondary antibody as previously described. 18 
Determination of Mouse ApoA-I Levels
A mouse apoA-I standard curve was generated with mouse apoA-I isolated from the HDL fraction of C57BL/6 mice as described above. Plasma samples from mice injected with Adnull or AdEL were diluted 1:15 or 1:5, respectively, for Western blot analysis. Standard and plasma samples were electrophoresed under denaturing and reducing conditions on a 10% SDS-PAGE and transferred to nitrocellulose membrane (Hybond ECL, Amersham). The detection was carried out using a rabbit anti-mouse apoA-I antibody (Biodesign International) as primary antibody (1:1000 dilution) and a HRP-conjugated goat anti-rabbit IgG as secondary antibody (1:5000 dilution). Protein bands were visualized using ECL reagents (Amersham) and quantified by densitometry. The resulting signals of the plasma samples were shown to be in the linear portion of the standard curve using mouse apoA-I standards run in parallel at various dilutions.
Phospholipase Assay
Phospholipase activity was measured using a modification of a method previously reported by Shinomiya and Jackson. 26 An aqueous emulsion of Triton X-100 and 1,2-14 C-dipalmitoylphosphatidyl choline (DPPC) was prepared in 0.1 mol/L Tris-HCl, pH 8.0, containing 0.15 mol/L NaCl at a concentration of 1.6 mol/L Triton X-100 and 0.8 mol/L DPPC at a specific activity of 1.5 Ci/mol. This was used as substrate in a total volume of 0.25 mL at final concentrations of 0.16 mol/L DPPC, 0.32 mol/L Triton X-100, 0.1 mol/L Tris-HCl, pH 8.0, 0.15 mol/L NaCl, 0.8% BSA, and 0.1 mmol/L CaCl 2 . Assay tubes were incubated for 30 minutes at 37°C, and the reaction was stopped by the addition of 3.25 mL methanol/chloroform/heptane (1.41:1.25:1, vol/vol, containing 100 g oleic acid and 100 g lysopalmitoylphosphatidyl choline per mL) and 1 mL of 0.1 mol/L potassium carbonate, pH 11.7. Products were quantified by scintillation counting.
Gel Filtration Analysis
Pooled plasma samples from mice of the same experimental group were subjected to FPLC as previously described, 24 and fractions of 500 L each were collected.
Gel Filtration of Isolated HDL
Isolated mouse HDL (100 L) was resolved by gel filtration chromatography on a Superdex 200 HR 10/30 column (Pharmacia LKB Biotechnology). Samples were chromatographed at a flow rate of 0.5 mL/min in 10 mmol/L Tris buffer (pH 7.4), and 0.25-mL fractions were collected. Absorbances at 280 nm were determined in the fractions.
Nondenaturing Gradient Gel Electrophoresis
Isolated mouse HDL was subjected to nondenaturing electrophoresis in precast 8% to 25% polyacrylamide gradient gel (PhastSystem, Pharmacia LKB Biotechnology). Proteins were detected by Coomassie staining.
Analytical Methods
Enzymatic methods were used to quantify cholesterol, free cholesterol, triglycerides, and phospholipids (Wako Pure Chemical Industries). The BCA method (Pierce) was used to quantify protein.
Statistical Analysis
PL activity data and HDL FCR data were subjected to one-way ANOVA. Experimental groups were compared using the Student Newman-Keuls test. ApoA-I uptake data were analyzed using the Student's t test. Statistical significance for all comparisons was assigned at PϽ0.05. Graphs and data represent meanϮSEM.
Results
Injection of wild-type mice with 3 different doses of AdhEL resulted in a dose-dependent expression of EL protein as assessed by Western blotting of postheparin plasma ( Figure  1) . Expression of EL resulted in a significant and dosedependent increase in postheparin plasma phospholipase activity, as follows: 9779Ϯ733, 6501Ϯ1299, 3963Ϯ796, and 952Ϯ258 nmol/mL per h for the high, middle, and low doses and controls, respectively. The postheparin phospholipase activity was highly correlated with levels of EL protein (rϭ0.98, PϽ0.01).
The 3 different doses of injected vector all markedly decreased plasma concentrations of phospholipids, HDL-C, and apoA-I levels ( Table 1) . Plasma phospholipid concentrations were decreased by 86%, 81%, and 76% at day 5, and HDL-C was decreased by 96%, 95%, and 94% for the AdhEL injected doses of 1ϫ10 11 , 3ϫ10 10 , and 1ϫ10 10 particles, respectively. ApoA-I levels were decreased by 95%, 93%, and 91% at day 7 after virus injection. Analysis of lipoprotein distribution by FPLC confirmed our results, demonstrating that HDL-C was dramatically reduced even in mice injected with the lowest dose of AdhEL (data not shown).
HDL isolated from EL-expressing C57BL/6 mice showed a significant decrease in the percentage of esterified cholesterol, free cholesterol, and phospholipids, whereas the triglyceride content was not changed and the percentage of protein increased (Table 2) .
In a separate experiment, HDL isolated from human apoA-I transgenic mice 13 days after AdhEL or control vector injection was separated by gel-filtration chromatography to assess the size of particles. The chromatographic profile of HDL from EL-overexpressing mouse was markedly different compared with HDL from control mice (Figure 2) . In proportion to the total area under the curve of the profile, the main large HDL peak (fractions 40 to 50) almost completely disappeared, whereas the 2 minor peaks (fractions 51 to 58 and 60 to 66, respectively) increased. The decreased HDL size of EL-injected mice was also demonstrated using nondenaturing gradient gel electrophoresis. The 2 HDL major bands corresponding to large (10.4 to 12.2 nm) and medium (8.1 to 10.4 nm) HDL were undetectable in the AdhEL group compared with the Adnull group. The small HDL (diameter Ͻ8.1 nm) and lipid-poor apoA-I or pre-␤ HDL (diameter Ͻ7.1 nm) were still detectable (data not shown).
To determine whether the catabolic rate of mouse HDLapolipoproteins was increased by EL overexpression, kinetic studies were performed using 125 I-labeled mouse HDL. A dose-dependent relationship between the disappearance rate of [
125 I]HDL and the AdhEL injected dose was observed (Figure 3) . Compared with controls, a 2-fold (PϽ0.01), 1.7-fold (PϽ0.01), and 1.5-fold (PϽ0.01) increase in the HDL-apolipoprotein FCR was observed in mice that received AdhEL at the dose of 1ϫ10 11 , 3ϫ10 10 , and 1ϫ10 10 particles, respectively. The postheparin plasma phospholipase activity, measured in individual mice, was strongly correlated with the FCR of HDL-apolipoprotein (Figure 4) , suggesting that the catabolic rate of HDL protein is directly related to the level of EL-induced phospholipase activity in the plasma.
As a control for the reduced HDL pool size in ELexpressing mice, we performed another experiment using apoA-I-deficient mice. Wild-type mice were injected with 1ϫ10 11 particles of AdEL or Adnull, and apoA-I-deficient mice were injected with 1ϫ10 11 particles of Adnull. [
125 I]HDL was injected 13 days after virus injection. The mean HDL-C levels in EL-expressing mice were 18% and in apoA-I deficient mice 34% of that in control mice (44Ϯ9 mg/dL). As above, HDL-apolipoprotein was catabolized much faster in EL-expressing mice compared with control mice; in addition, the catabolism of HDL in EL-expressing mice was much faster than in apoA-I-deficient mice injected with the control vector ( Figure 5 ). Thus, it is unlikely that the reduction in HDL pool size was the sole cause of the rapid turnover of HDL-apolipoprotein in EL-expressing mice and likely that EL expression itself contributed to the rapid HDL catabolism.
The sites of HDL-apolipoprotein catabolism were assessed using [
125 I]-tyramine-cellobiose-labeled HDL. EL overexpression markedly increased the uptake of HDLapolipoproteins by both liver and kidney ( Figure 6 ). An increase of 158% and 189% was observed for the hepatic (PϽ0.01) and renal (PϽ0.01) uptake, respectively. In con- 
NA indicates not assayed. trast, the adrenals and spleen showed low uptake of HDLapolipoproteins that was not different between Adnull and AdhEL injected groups. The ratio of liver-to-kidney uptake was not different between groups (2.6Ϯ0.1 versus 2.7Ϯ0.5).
Discussion
We previously reported that overexpression of EL resulted in a dramatic decrease in HDL-C and apoA-I levels in mice. 18 In the present study, we show that EL expression generates phospholipase activity in vivo, thus generating smaller phospholipiddepleted HDL particles that are more rapidly catabolized in a dose-dependent fashion. Doses of vector as low as 1ϫ10 10 particles (Ϸ5ϫ10 8 pfu) significantly increased postheparin plasma phospholipase activity and markedly reduced plasma phospholipid, HDL-C, and apoA-I concentrations. This dose is an order of magnitude less than that generally used for adenovirus studies in mice. 13, 15, 27, 28 Our data suggest that even modest increases in EL expression have profound effects on HDL metabolism.
Overexpression of EL resulted in major changes in the structure of HDL. EL-modified HDL was smaller and had a decreased content of phospholipid and free and esterified cholesterol. The major peak of large HDL found in control human apoA-I transgenic mouse plasma was dramatically reduced in plasma from EL-expressing mice, whereas small HDL subfractions were relatively increased by EL expression. These data indicate that the hydrolysis of HDLphospholipids induced by EL overexpression resulted in depletion of phospholipids and cholesterol, leading to the production of smaller HDL particles.
To determine the effects of EL expression on catabolism of HDL-apolipoproteins, we performed turnover studies using radiolabeled HDL. The FCR of HDL-apolipoprotein was markedly increased in EL-overexpressing mice compared with control mice. A clear dose-dependence of HDL-apolipoprotein FCR on dose of vector injected was observed. The increase in HDL-apolipoprotein FCR was positively correlated with the level of postheparin plasma phospholipase activity, indicating that the greater the hydrolysis of HDL phospholipids, the faster HDL-apolipoproteins are catabolized.
The decrease in plasma apoA-I levels is disproportionate to the increase in the FCR of mature HDL apolipoprotein. Therefore, it seems that the marked reduction in plasma apoA-I levels may not be able to be accounted for simply by increased catabolism of mature HDL. Importantly, our tracer was labeled as whole-particle mature HDL and therefore cannot be considered a tracer for lipid-poor apoA-I. In fact, calculated production rates based on this tracer likely reflect production of apoA-I into the mature HDL pool. Expression of EL may result in hydrolysis of nascent HDL phospholip- ids, resulting in reduced maturation of lipid-poor apoA-I to mature HDL, thus reducing the effective production rate of apoA-I into the mature HDL pool. Although our primary conclusion from these studies is that there is a dosedependent acceleration of HDL catabolism induced by EL expression, our data suggest another, more complex effect on HDL metabolism, ie, reduction of the maturation of nascent HDL to mature HDL. Overexpression of EL resulted in a Ͼ2-fold increase in uptake of HDL-apolipoprotein by the kidney. Given our demonstration that EL overexpression generated small HDL particles, the increased kidney uptake is in keeping with the hypothesis of increased renal filtration and reuptake of lipid-poor apoA-I. 29 We hypothesize that the phospholipase activity of EL depletes the HDL particle of phospholipid, thus destabilizing apoA-I and promoting its dissociation, resulting in a lipid-poor form of apoA-I that is rapidly catabolized.
Interestingly, hepatic expression of EL also resulted in significantly increased catabolism of HDL-apolipoprotein in the liver. Barrans et al 30 demonstrated that incubation of HL with triglyceride-rich HDL 2 particles resulted in the generation of HDL 2 remnants that are rapidly taken up by hepatocytes, possibly via the ectopic ␤-chain of ATP synthase, 31 a recently described apoA-I receptor mediating hepatic HDL endocytosis. The importance of HL-mediated hydrolysis of HDL triglyceride is generally accepted, and triglyceride-rich HDLs are particularly good substrates for HL. 17, 32, 33 The specific role of the phospholipase activity of HL in its effect on HDL metabolism is not known. Our studies suggest some important potential differences between HL and EL in their effects on HDL metabolism. HL may act primarily on the triglyceride-enriched HDL particle, resulting in reduction in size and increased uptake of cholesteryl ester as well as remnant HDL 2 particles, whereas EL may act primarily on HDL phospholipids, resulting in dissociation of apolipoproteins and subsequent catabolism.
Changes in EL expression in vivo have significant effects on HDL metabolism. The physiological importance of EL in HDL metabolism was demonstrated by loss-of-function studies. Inhibition of mouse EL activity using specific antimurine EL antibodies resulted in increased HDL-C levels. 22 In the EL knockout mouse model, HDL-C was significantly increased. 21, 23 Several common single-nucleotide polymorphisms and rare variants in the human EL gene were described in persons with high HDL-C levels. 34 One of these common EL single nucleotide polymorphisms, 584C/T, was found to be associated with increased HDL-C and apoA-I levels in humans on univariate analysis. 23 Thus, variation in EL mass or activity may be an important determinant of HDL-C and apoA-I levels.
In summary, hepatic expression of EL, even at relatively low levels, resulted in substantial dose-dependent increases in postheparin plasma phospholipase activity associated with dose-dependent reductions in plasma phospholipids, HDL-C, and apoA-I levels, a shift to smaller lipid-poor HDL particles, and accelerated catabolism of HDL-apolipoproteins by both the kidney and the liver. These data support the concept that EL plays an important physiological role in the metabolism of HDL and apoA-I.
